Flavin-containing monooxygenases (FMOs) are primarily studied as xenobiotic metabolizing enzymes with a prominent role in drug metabolism. In contrast, endogenous functions and substrates of FMOs are less well understood. A growing body of recent evidence, however, implicates FMOs in aging, several diseases, and metabolic pathways. The evidence suggests an important role for these well-conserved proteins in multiple processes and raises questions about the endogenous substrate(s) and regulation of FMOs. Here, we present an overview of evidence for FMOs' involvement in aging and disease, discussing the biological context and arguing for increased investigation into the function of these enzymes.
Introduction to FMOs

Evolution and classification
Flavin-containing monooxygenases (FMOs) 2 are ancient and widely conserved enzymes, being present in all kingdoms of life (1, 2) . FMOs make up a subgroup of the Group B flavin-dependent monooxygenases (EC 1.14.13.8) along with Baeyer-Villiger monooxygenases (BVMOs) and N-hydroxylating monooxygenases (NMOs) (3) . FMOs, BVMOs, and NMOs are each distinguished by variations in primary structural motifs, substrate preferences, and catalytic mechanisms. FMOs are also notably similar to the Group A enzymes dihydrolipoamide dehydrogenase (DLD), glutathione reductase (GR), and low-molecular-weight thioredoxin reductase (TRXR) (2, 4) . These groups are distinguished from other flavin-dependent monooxygenases (Groups C-H) by their combined use of FAD and NAD(P)H. Any functional interplay between FMOs and Group A enzymes, perhaps as an NAD(P)H-thiol redox buffering system, is largely unexplored (5) .
Catalytic cycle
The catalytic cycle of FMO enzymes is fairly well understood. FMOs utilize a tightly bound FAD prosthetic group, NAD(P)H, and molecular oxygen to monooxygenate or otherwise oxidize substrates, producing water and NAD(P) ϩ as by-products (6) ( Fig. 1) . Uncoupling has been observed in both the presence and the absence of substrate in vitro, resulting in "leakage" of hydrogen peroxide, and less frequently, superoxide (7) . FMOs are notable for their "cocked and loaded" mechanism where they bind NAD(P)H and reduce FAD in the absence of substrate, creating an unusually stable C4a-hydroperoxyflavin ready to oxidize any substrate that accesses the active site (6) . This mechanism is in contrast to that of cytochrome P450s and the Group A enzymes discussed above, which each require the presence of substrate to begin their catalytic cycles (6) . The rate-limiting step of FMOs is thought to be the release of either H 2 O or NADP ϩ . The significance of FMOs' reaction kinetics, reactive oxygen species leakage, and effects on cellular NAD(P)H is not known (7, 8) .
Substrates
FMOs typically monooxygenate the sulfur or nitrogen atoms of small, soft nucleophiles in a charge-and stereo-selective manner, but important exceptions exist. In addition to monooxygenation, FMOs can also catalyze oxidative decarboxylation (9) , oxidative demethylation (10) , and disulfide bond formation (11) . FMOs act on a wide variety of sulfur-and nitrogen-containing compounds, but carbon, phosphorus, selenium, and other elements are also amenable to FMO-mediated oxidation (6) . Pig FMO1 has a K m from 0.3 to 10 M in vitro for several organic selenium-containing xenobiotics (6) , and both hFMO1 and hFMO3 are capable of catalyzing the formation of pyruvate from selenocysteine (12) , consistent with a role in endogenous selenium metabolism. Mammalian FMO5 does not metabolize typical FMO substrates, and may act more like a BVMO (8, 13) .
The depth and width of the channel leading to the active site are thought to restrict overly large substrates' access (14) , but this mechanism is not fully understood because no crystal structure has been solved for a mammalian FMO. The most evolutionarily related proteins with solved crystal structures are from bacterial trimethylamine monooxygenase (15-17) and yeast FMO (18) , but their sequences are both shorter and significantly different from mammalian FMO sequences (19) .
FMOs prefer uncharged substrates or substrates with a single positive charge. Neutral zwitterions are likely to be poor substrates (6) , but the lone Saccharomyces cerevisiae FMO (yFMO1) can oxygenate free cysteine (20) . FMOs' charge selectivity is the proposed mechanism by which they preferentially act on xenobiotics, as charged compounds cannot easily enter cells through the plasma membrane (6) . Classically studied FMO substrates include xenobiotics such as imipramine, nicotine, clozapine, tamoxifen, and amphetamine (6) . The oxygenation of these compounds increases their solubility and aids in their subsequent excretion, although it can occasionally also activate the compounds and increase their toxicity (21) .
FMO metabolism of xenobiotics largely detoxifies compounds, whereas the role of FMO in endogenous metabolism is less characterized. FMOs can metabolize the sulfur amino acid pathway metabolites methionine, cysteine, and cysteamine, as well as the sulfur-containing co-factor lipoic acid (6, 20) , but many related endogenous compounds remain untested.
Genomic organization and expression
Humans have five protein-encoding FMO genes (hFMO1-5) on chromosome 1 (22) , each of which displays one-to-one orthology with FMO1-5 across mammalian species (23) . Humans and other mammals also have several Fmo pseudogenes (24) . Alternative splicing of hFMO1-5, especially hFMO4, is possible, but its function is unknown (25) . hFMO1-4 are tightly clustered, likely the result of a gene duplication event that predates mammals, whereas the ancestral hFMO5 is ϳ20 Mb away (22, 26) . Consistent with this hypothesis, mouse Fmo5 (mFmo5) is on chromosome 3, whereas mFmo1-4 are clustered together on chromosome 1 (22) . Subfunctionalization of mammalian FMOs probably followed duplication, possibly in response to new xenobiotics encountered in terrestrial environments (26) . hFMO1-5 show distinct developmental and tissue-specific patterns of expression (27, 28) . Briefly, hFMO1 predominates in the fetal liver, whereas hFMO3 and hFMO5 are the major isoforms expressed in the postnatal liver (27, 28) . In contrast, mFmo1 and mFmo5 are the major adult mouse liver FMOs, whereas mFmo3 is much more highly expressed in female mice (29) . There are conflicting reports regarding conservation in humans of this sex-dependent differential expression, but it is clear that the conserved differences reported in humans are of a smaller magnitude than those in mice (30 -32) .
Several factors that regulate FMO transcription are known (33) (34) (35) (36) (37) . Estrogen (29) and insulin (34) activate FMO transcription, whereas testosterone (29) and glucagon (37) are repressors of FMO transcription, but FMO5 is again an exception (38) . Several hormone receptors have been placed both upstream and downstream of FMOs (39, 40) . Large differences can exist between FMO mRNA abundance, FMO protein levels, and FMO functional activity (39, 41, 42) , indicating multiple levels of regulation that require further study.
FMOs and disease
Although FMOs have been causally linked to only one disease, trimethylaminuria, evidence is accumulating that FMOs affect the pathology of multiple major diseases ( Table 1 ). The nature of FMOs' involvement in these diseases, however, remains largely undefined.
Trimethylaminuria (TMAU)
Much of the FMO-related literature is focused on the only disease known to be caused by altered FMO activity, TMAU (43) . TMAU, or "fish odor syndrome," is a disorder in which the volatile compound trimethylamine (TMA) cannot be converted to the soluble trimethylamine-N-oxide (TMAO), leading to excretion of TMA through the skin. TMA is a small metabolite derived from dietary intake or produced by gut bacteria that has a distinctive "fishy" smell. hFMO3 mutations are the main cause of TMAU, but other causes exist including variations in hFMO3 expression and microbiome overproduction of TMA. There is no cure for TMAU, so treatment consists of limiting dietary intake of TMA and its precursors such as choline and carnitine.
Scant epidemiological data exist on whether TMAU alters risk for other diseases. An early study observed that TMAU patients have a high incidence of hypertension (43) , and there are at least two reported cases of TMAU co-presenting with neurological disorders unlikely to be related to patients' social stress (44) . These cases are interesting in relation to the other diseases recently connected to FMOs.
Atherosclerosis and cardiovascular disease (CVD)
Beginning in 2011, several studies concluded, based on both mouse and human data, that FMO3-dependent production of TMAO increases the risk for atherosclerosis and general CVD (45) (46) (47) . These studies shed light on the importance of gut microbiota in determining disease risk and demonstrated a clear association between elevated TMAO and CVD. In the proposed model, gut bacteria produce TMA from dietary precursors, hepatic FMO3 converts TMA to TMAO, and TMAO increases the risk for atherosclerosis and CVD. Proposed mechanisms for TMAO increasing CVD risk include effects on cholesterol (45), a prolongation of the pressor effects of angiotensin II (48) , and platelet hyperreactivity and thrombosis potential (49) .
These mechanistic explanations are not fully convincing, however, and contrast with other data more consistent with TMAO production being a protective response to CVD. First, seafood rich in TMA and TMAO is widely thought to lower CVD risk (50) . Second, as mentioned, an early study of TMAU patients found a high incidence of hypertension in the TMAUafflicted group (43) . The proposed mechanism was that FMO3 could metabolize tyramine, an endogenous pressor molecule, thereby reducing its pressor effects and lowering blood pressure (43) . A follow-up study found that none of three examined FMO3 polymorphisms predispose to hypertension in a sample of several hundred Caucasian patients, but also noted that severe, highly penetrant loss-of-function mutations could "unmask pressor effects of variation in other drug metabolizing enzymes previously buffered by FMO3" (51) . At least two more recent studies are consistent with TMAO production having a reactive, protective function in response to CVD pathology (52, 53) , with one of these studies asserting that TMAO is, in fact, protective against CVD risk (53) . What is clear from these publications is that TMAO is a molecule of great interest due to its diverse functions including osmolyte, chemical chaperone, reactive oxygen species scavenger, and now, potential risk factor (54) .
Diabetes and metabolic disorders
FMO expression is altered in human diabetic patients and rodent models of diabetes (55, 56) , and recent reports have revealed that FMOs can alter carbohydrate and lipid metabolism (40, 56 -60) . Two studies using streptozotocin-induced diabetes in rats show altered FMO expression in diabetic states (56) . A third study comparing liver biopsy samples from Type 2 diabetes mellitus patients with samples from non-diabetic patients found hFMO5 down-regulated (55) . A study examining expression of FMOs in diabetes found a trend that FMO3 is up-regulated and FMO5 is down-regulated in the disease state (61) . As in CVD, it is not clear whether these FMO transcriptional changes are causative, protective, or have little effect on the disease process.
Recently, mammalian FMOs have been shown to affect intermediary carbon metabolism. Researchers who first linked FMO3 to atherosclerosis also found that mFMO3 activity correlated with hepatic and/or plasma lipids and glucose levels (40) and that FMO3 inhibition can divert cholesterol away from biliary excretion (57) . The former study suggested that mFMO3's effects were peroxisome proliferator-activated receptor ␣ (PPAR␣)-and KLF15-mediated, whereas the latter study concluded that mFMO3 affected cholesterol balance through TMAO production, but that mFMO3's effects on lipids and inflammation were mediated by another substrate. Two other reports examining mFmo1 and mFmo5 knock-out mice, respectively, found that both were capable of altering metabolism and energy balance sufficiently to cause gross alterations in body size (58, 59) . A recent review discusses these mFMO-related effects on carbohydrate and lipid metabolism and energy balance (60) .
Neurodegeneration and neurological disease
There is substantial evidence connecting FMO expression to neurodegenerative diseases including sporadic amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), and schizophrenia. hFMO1 expression is consistently decreased in the spinal cord of ALS patients (62) , and single nucleotide polymorphisms in the hFMO1 3Ј-untranslated region occur more frequently in female patients with sporadic ALS (62) . Additionally, mFmo1 is up-regulated in a mouse model of ALS, which, although in the opposite direction of human findings, may be explained by different stages of the disease affecting expression differently (62). The role of FMOs in other neurodegenerative diseases is also intriguing but largely correlative. The FMO gene cluster containing FMO1-4 is associated with lentiform nucleus volume, a physiological marker associated with PD, schizophrenia, and other neurological disorders (63) . Additionally, hFMO1 and Parkin are down-regulated in a rotenone model of PD carried out in cell culture (64) . The same study showed up-regulation of caspase 3, and that hFMO1 inhibition was sufficient to activate caspase 3, an executor of apoptotic cell death implicated in the loss of dopaminergic neurons in PD (64) . These data suggest a possible role for FMO1 in protecting against multiple neurodegenerative disorders.
Iron dyshomeostasis
Studies by a single research group support FMOs acting in iron homeostasis. Building on a known FMO-calreticulin complex (65), a ferrireductase role for FMO in an iron import complex termed "paraferritin" was described (66) . The complex was further described as including FMO, calreticulin, DMT1, and other proteins (66) . Its suggested roles include serving as an alternative, non-transferrin mechanism for cellular iron uptake and as a means to deliver iron to mitochondrial ferrochelatase for incorporation into heme. While acknowledging that larger studies would be necessary to determine prevalence, this group also suggested diminished FMO activity as a risk factor for sideroblastic anemia based on four cases (67) .
Mouse models of hereditary hemochromatosis, a disease characterized by excessive intestinal iron absorption and subsequent iron overload throughout bodily tissues, alter hepatic mFmo transcription. Mutation of the hemochromatosis gene Hfe (high iron Fe) and high dietary iron both cause liver iron loading, but they do so via secondary and primary iron overload, respectively. Hepatic mFmo3 transcription was highly upregulated by genetic hereditary hemochromatosis, but counterintuitively, heavily down-regulated in mice fed high dietary iron (68) . By magnitude, mFmo3 was the most altered transcript across both conditions. In a separate study, mFmo3 was up-regulated in Hfe-deficient D2 mice, and although the data were not shown, mFmo3 was described not to change in WT mice fed a high-iron diet (69) . These studies, in addition to those describing paraferritin, suggest that FMOs act in iron homeostatic pathways in the liver or elsewhere, and that this novel role for FMOs requires further exploration.
FMOs and aging
Published data from the past decade provide increasing evidence that FMOs play an important role during aging. Specific Fmo genes are transcriptionally activated in numerous mouse longevity models including dietary restriction (DR), growth hormone/insulin-like growth factor 1 (GH/IGF1) signaling disruption, and rapamycin treatment (70 -73) . These are among the most robustly conserved longevity-promoting interventions (74) . The correlation between increased mFmo expression and longevity suggests that FMOs could play a causal role in promoting longevity. Further supporting this, Caenorhabditis elegans (nematode worm) fmo-2 is up-regulated by DR and is necessary for lifespan extension from solid DR, a form of DR (75) . Nematode FMO-2 is also sufficient to extend lifespan and improve healthspan and stress resistance when ubiquitously overexpressed (75) .
FMOs and mammalian aging
Multiple gene expression analyses from mouse models of delayed aging show that mFmo gene expression is often increased in long-lived mice ( Table 2) . For example, a 2007 meta-analysis of published liver microarray data found that mFmo3 is consistently up-regulated in a variety of long-lived knock-out models and in response to longevity-promoting interventions (73) . Similarly, a 2008 study of XME gene expression in liver found mFmo3 and mFmo4 to be up-regulated in long-lived male mice following DR, GH/IGF1 mutation, or rapamycin treatment (71). Of particular interest, an independent study showed that growth hormone receptor mutant mice have increased levels of both mFmo3 and TMAO, further correlating mFmo3 expression and activity with longevity (76) .
Dietary restriction and treatment with the drug rapamycin are the two best-documented and most effective interventions for delaying diseases of aging and increasing lifespan in mice (77) , and several studies, including those listed above, have observed increased FMO gene expression in animals subjected to both interventions (Table 2) . For example, a comparison of mouse DR and gene expression over time found multiple FMOs up-regulated by DR (70) , with mFmo3 and mFmo5 among the most significantly up-regulated liver transcripts, along with heart mFmo3. Overall, mFmo1 and mFmo2 were among the most significantly elevated genes when all 17 tested tissues were considered as a group. Interestingly, the same study found that mFmo1 was significantly down-regulated with age in animals fed a normal diet, suggesting that reduced FMO1 expression could be a biomarker of normative aging or even causally involved in the aging process. The most extensive analysis to date of gene expression changes associated with rapamycin treatment in mice found that hepatic mFMO levels are consistently elevated by both DR and rapamycin in both male and female mice (72) .
Crowded litter mice represent an alternative model of DR where animals experience nutrient restriction only during the first 3 weeks of life (78) . Interestingly, even this early life restriction is sufficient to cause persistent induction of mFmo3 in liver up to 12 months later. This could suggest that epigenetic changes associated with DR, and perhaps other longevity interventions, induce persistent changes in FMO expression that contribute to healthy aging even after the intervention is discontinued.
In contrast to data supporting a role for FMOs in promoting longevity, loss of mFmo5 results in a blood profile of cholesterol, glucose/insulin, and other biomarkers that resembles a more youthful state (59) . The authors suggest that this could mean that FMO5 itself promotes metabolic aging. However, because this study did not test the long-term health effects of the metabolic profile, it is unclear whether these results are representative of aging or metabolic reprogramming (59) . FMO5 also has a unique substrate profile among mammalian FMOs (8) , so it may not be representative of the majority of FMOs. Given their wide taxonomic distribution and numerous evolutionary modifications, there are likely to be exceptions to any broad claims about FMOs as a group.
FMOs and aging in non-mammalian species
Extensive data linking FMO function to aging have come fromstudiesperformedinthenematodeC. elegans.Severalindependent studies show that fmo-2 is up-regulated by both genetic and environmental models of increased lifespan in this organism, including DR, hypoxia, mutation of the Von Hippel Lindau tumor suppressor, stabilization of the hypoxic response transcription factor, and developmental electron transport chain inhibition (79 -83) . Recently, a direct, causal role for FMO-2 as a longevity-promoting factor was uncovered by work showing that either ubiquitous or intestine-specific overexpression of FMO-2 in otherwise wild-type animals is sufficient to extend lifespan in worms (75) . Consistent with this, deletion of fmo-2 prevented full lifespan extension following activation of the hypoxic response or DR, further supporting a model that activation of fmo-2 contributes to lifespan extension under these conditions (75) .
Additional worm fmo genes are up-regulated by these same longevity interventions, but they have not yet been studied for their roles in aging. Of note, fmo-1 is up-regulated in a more lasting manner than fmo-2 by fasting (83) . Also, fmo-4 is induced similarly to fmo-2 by hypoxia (79) . Worm fmo-4 is expressed in the hypodermis, whereas fmo-2 is expressed in the intestine, pharynx, and excretory cells (84) . Worm fmo-4 also displays a hypoosmotic sensitivity phenotype unique among worm fmo genes (85) . Taken together, this evidence suggests that further valuable details can be learned about worm FMOs' roles in healthy aging, stress resistance, and normal physiological processes.
Evidence from flies and plants further suggests that FMOs promote longevity. RNAi knockdown of Drosophila melanogaster (fly) Fmo2 shortens adult lifespan (86) . As with worm and mammalian FMOs, fly Fmo2 is not directly orthologous to worm fmo-2 or mammalian FMO2. In fact, both fly Fmo genes are more similar to the ancestral yeast Fmo genes (19) . Plants have evolved a distinct group of FMOs termed "YUCCAs." Arabidopsis thaliana YUC6 overexpression in potato plants results in increased height, erect stature, and longevity due to YUC6's role in auxin production (87) . These phenotypes may be plantspecific, or there may be overlap with FMO functions conserved in animal species. YUCCAs also promote drought resistance, and some FMOs are involved in osmoregulation in worms (85) and fish (88) , in addition to producing the osmolyte TMAO in humans (43) . Interestingly, there is overlap between the DR and osmotic stress pathways (89, 90) , and it is plausible that FMOs act at this intersection.
Concluding remarks
FMOs and disease: Unifying mechanisms?
Our understanding of FMO-disease relationships is nascent, but the data already suggest two common mechanisms. Altered sulfur amino acid (SAA) metabolism affects CVD (92), Table 2 FMOs and aging in model systems.
FMO genes Lifespan/healthspan effects Expression changes in longevity interventions
Mus musculus (mouse) Fmo1
No 
FMOs and aging: Evolutionary considerations
Data from non-mammalian model systems demonstrate that FMOs can play a direct, causal role in promoting longevity. In worms, fmo-2 is sufficient to extend lifespan and is required for lifespan extension from numerous interventions. FMO induction in response to multiple longevity-enhancing interventions in mice supports a conserved role, as do the primary structural similarities shared by worm and mammalian FMOs.
If FMOs promote longevity in a conserved manner, then the conditions shaping both the evolution of FMOs and aging will merit attention. Induction of FMOs in response to both DR and osmotic stress, for example, suggests that a "harsh times" survival strategy can underlie longevity. Model systems will continue to be of great utility in such investigations.
Future directions
FMOs are emerging as enzymes of considerable interest, with clear experimental and theoretical research directions identifiable. Two lines of experimentation will greatly solidify our foundational knowledge of FMOs. First, solving the crystal structures of hFMOs would conclusively answer structural questions and directly inform functional ones. Second, thorough testing for endogenous substrates, aging, disease, and basic cellular function would solidify the conserved endogenous role of these proteins. There are several candidate endogenous substrates of major biological interest that have not been tested in vitro or otherwise. Metabolites in the sulfur amino acid metabolism pathway, including S-adenosyl methionine, homocysteine (91) , and homocysteine adducts, are potential targets for prioritization.
Evidence points to FMO involvement in multiple major diseases and the aging process (Fig. 2) . There is an ongoing debate whether aging should be reclassified as a disease, but it is clearly established that aging is the biggest risk factor for the major causes of death including CVD, cancer, and neurodegeneration (94) . The risk for each of these increases exponentially with age, independent of other risk factors. Taking everything into consideration, FMOs are an exciting, undercharacterized subgroup of well-conserved enzymes that may play central roles in basic biological processes affecting human health, and there are clear first steps to characterizing them more fully. 
